1. Introduction {#sec1-1}
===============

The spectral and colorimetric studies of biological tissues are of a considerable interest from the point of view of potential development of new techniques for non-invasive *in vivo* imaging and spectroscopic characterization of biological and human tissues and monitoring variations of their properties without amending their physiological state \[[@r1]--[@r3]\]. This is especially important for a number of practical applications including medical diagnostics \[[@r4]\], plastic surgery \[[@r5]\], face recognition for security needs \[[@r6]\], as well as for the optical design of a particular diagnostic system. It is especially critical for success of many therapeutic procedures when the exact knowledge of laser fluence delivered to a specific organ is essential \[[@r7],[@r8]\], as well as for determination of the optimal laser excitation conditions for maximum depth tissue probing \[[@r1]--[@r3],[@r9]\]

Spectral composition of light penetrating through biological tissues depends on the concentration and spatial distribution of chromophores within the given tissue, as well as on particular experimental conditions, including the probe geometry and multiple parameters of the incident optical radiation. In the past, there were numerous attempts to evaluate optical tissue properties by assessing both scattering and absorption properties of tissues (see, for example \[[@r4],[@r10],[@r11]\]; however, when it comes to the practical aspects, i.e., what is the fraction of the incident light radiation, which reaches a certain depth of a tissue, it creates a challenging computational problem of combining all the data collected in different ways \[[@r10],[@r11]\], and, to the best of our knowledge, no data on the light transmission through thick tissues is available in support of such calculations.

In this report, we present a computational technique specially developed for simulation of the visible/near-IR transmittance and/or reflectance spectra of human skin and skin color calculation. The computational data are compared with the experimental data obtained using high-dynamic range spectral transmission measurements through different parts of a human body, which are easily accessible through those measurements.

2. Materials and method {#sec1-2}
=======================

The principles of optical spectroscopy are well known and widely described in details elsewhere, see, e.g., \[[@r12]\]. The optical spectroscopy experimental set up, used in current study, is schematically presented in [Fig. 1](#g001){ref-type="fig"} Fig. 1Schematic presentation of the experimental system used in current study.. To perform high dynamic-range optical transmission measurements a high spectral brightness optical source, which could be directed to a specific part of a tissue, is required. White-light continuum generated in an optical fiber provides rather high spectral intensity and focus ability \[[@r13]\]; however, short- and long-term stability of this continuum is rather limited. Thus, we used a modified approach employing high-energy picosecond laser pulses and large area photonic crystal fiber \[[@r14],[@r15]\]. A broadband super-continuum was generated through a cascade of stimulated Raman scattering and wave-mixing processes and extended from 600 nm to 2200 nm; however, only a portion of this radiation from 650 nm to 950 nm was utilized in the experiment mentioned above. In order to avoid tissue damage and discomfort during long-exposure measurements, only 50% of the total laser power (roughly, 350 mW) was used for tissue irradiation. A multimode optical fiber bundle with an 0.6-mm^2^-area was employed to collect the transmitted light through a part of the body. The input end of the fiber was gently pressed against the opposite side of the body, and the output of the fiber served as an input slit of a 1/2--meter imaging spectrometer (Horiba, Inc.) with the attached TE-cooled CCD camera (iDus-401-BRDD; Andor, Inc.). A portion of the incident light was reflected off by the front surface of a glass slide and directed to a spectrometer for reference measurements. The reference spectrum was accumulated in the same time by using simultaneous input from two identical fiber ports at the entrance slit of the imaging spectrometer. The accuracy of this approach was validated by letting the incident beam entering the signal path without passing through the sample. For all the described measurements, the signal was corrected for a background, normalized to the incident light and averaged over 100-s to maximize the signal-to-noise-ratio.

The above measurements were taken at different locations of human hand, including fingertip (through the fingernail), finger, palm wrist and forearm. Transmittance spectra measurements for a biceps were limited due to the sensitivity of the detection system. To avoid artifacts associated with spontaneous motions during the long-exposure measurements a hand of a volunteer was placed in specially designed holder.

The measured transmittance spectra are displayed in [Fig. 2](#g002){ref-type="fig"} Fig. 2Near-IR spectral transmission measured in vivo for fingernail (1), finger (2), palm (3), wrist (4) and forearm (5).. The variations in the spectral transmission are clearly observed for different parts of human arm that can be explained with the computational modeling in terms of the variation of the photons' pathlength in the tissue.

3. Computational modeling {#sec1-3}
=========================

Owing to a wide range of actual probing conditions and a very complex composite structure of tissues considered in the current study, no general analytical solution is available that can simulate the detected scattered optical radiation and its interaction with tissues, their structural malformations and/or physiological changes. Therefore, stochastic Monte Carlo (MC) modeling was employed. We utilized a recently developed object oriented MC model \[[@r16],[@r17]\] that allows description of photons and tissue structural components as objects, which interact each other. Thus, an object photon propagates through an object medium (or medium layer) and interacts with its constituents, such as cells, blood vessels, collagen fibers, *etc*. Such representation of the medium by objects makes it possible to develop realistic tissue models presenting 3D spatial variations of a biological structure. To achieve the most optimal simulation performance, a parallel computing framework known as Computer Unified Device Architecture (CUDA), introduced by NVIDIA Corporation, was employed. This capability enables simulation of thousands of photons simultaneously speeding up the process of simulation more than 10^3^ times.

To simulate transmission spectra we applied a multilayered tissue model. This model, originally developed in Refs. \[[@r19]--[@r21]\], was extended to 17 layers by including muscles and bone structures. In this model, the absorption coefficients of each layer ([Fig. 3](#g003){ref-type="fig"} Fig. 3Absorption properties of skin tissues used in the simulation. Left, absorption coefficients of key skin tissues chromophores: 1, oxy-hemoglobin; 2, deoxy-hemoglobin; 3, water; 4, eumelanin \[[@r18]\]; 5, pheomelanin \[[@r18]\]; 6, baseline \[[@r18]\]. Right, absorption coefficients of the human skin layers counted by [Eqs. (1)](#e1){ref-type="disp-formula"}-[(3)](#e3){ref-type="disp-formula"}.) take into account the concentration of blood (*C~blood~*) in various vascular beds, oxygen saturation (*S*), water content (*C~H2O~*), melanin fraction (*C~mel~*) and are defined as
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Here *μ*~a~*^mel^*(*λ*) is the absorption coefficient of eumelanin, *μ*~a~*^ph.mel^*(*λ*) is the absorption coefficient of pheomelanin, *B~mel~* is the volume fraction of the blend between two melanin types, *μ*~a~*^oxy^*(*λ*) is the absorption coefficient of oxy-hemoglobin, *μ*~a~*^deoxy^*(*λ*) is the absorption coefficient of deoxy-hemoglobin, *μ*~a~*^baseline^*(*λ*) is the absorption coefficient of other water-free tissues (see [Fig. 3](#g003){ref-type="fig"}). The actual values of the hematocrit index (*Ht*), volume fraction of hemoglobin (*F~Hb~*), fraction of erythrocytes (*F~RBC~*), concentration of blood, oxygen saturation and water content are presented in [Table 1](#t001){ref-type="table"} Table 1Parameters used for assessment of the absorption coefficients of the layers. Layers 10--17 are the same as layers 1--7 in the reverse order. **Name of LayerC~Blood~SHtF~Ht~F~RBC~C~H20~**1*Stratum corneum*000000.052Living epidermis000000.23Papillary dermis0.040.60.450.990.250.54Upper blood net dermis0.30.60.450.990.250.65Reticular dermis0.040.60.450.990.250.76Deep blood net dermis0.10.60.450.990.250.77Subcutaneous fat0.050.60.450.990.250.78Muscles0.20.60.450.990.250.69Bone0.020.60.450.990.250.1.

The scattering coefficients of the layers are approximated based on combination of Mie and Rayleigh scattering ([Fig. 4](#g004){ref-type="fig"} Fig. 4Rayleigh scattering (1), Mie scattering (2), and combined Rayleigh and Mie scattering (3) by [Eqs. (4)](#e4){ref-type="disp-formula"}, [(5)](#e5){ref-type="disp-formula"}, and [(6)](#e6){ref-type="disp-formula"}, respectively.) suggested in \[[@r22]\]:
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where *N* is the coefficient (in a range 1 to10) depending on the scattering properties of tissue.

The MC simulations were performed for the actual probe geometry used in the experiment (see [Fig. 1](#g001){ref-type="fig"}) utilizing 10^10^ of the detected photon packets. The conversion of the spectral power distribution to the CIE XYZ (CIE 1976 L\*a\*b\*) coordinates \[[@r23]\], as well as to the RGB-gamut color values, was performed using the standard CIE 2° observer and tristimulus values utilizing D65 illuminant.

4. Results and discussion {#sec1-4}
=========================

[Figure 5](#g005){ref-type="fig"} Fig. 5Chromaticity coordinates for fingernail (1), finger (2), palm (3), wrist (4) and forearm (5): crosses display experimental data and circles---the results of computer MC simulations. displays the experimental results shown in [Fig. 2](#g002){ref-type="fig"} for different parts of a human body in chromaticity coordinates plotted in the CIE 1931 color space in comparison to the results of the MC simulation. It is clear that the experimental and computational results are in a good agreement with each other.

The design of the CIE 1931 color space splits the concept of color into brightness and chromaticity. The black contour in [Fig. 5](#g005){ref-type="fig"} is the spectral locus with the corresponding wavelengths. D65 is the standard daylight illuminant used in the MC model. The triangle represents a color gamut that can be reproduced by a standard computer monitor. As one can see, the modeled tissue colors outside the gamut cannot be displayed properly on a standard color reproduction device and require a conversion procedure. Moreover, the above diagram does not allow displaying the actual brightness (luminance) of those colors. However, the actual colors are observed by a naked eye during the experiment.

To make the luminance visible we converted the modeled CIE chromaticity coordinates into the Lab color space. [Figure 6](#g006){ref-type="fig"} Fig. 6The changes of human skin color presented in CIE 1976 L\*a\*b\* color space simulated by the developed MC model (crosses) compared with the results of measurements/observations *in vivo* (squares) for near-IR light transmitted through the various parts of human body: 1,fingernail; 2, finger; 3, palm; 4, wrist; 5, forearm. shows experimentally observed and computer simulated the near-IR transmission colors of different parts of a human arm, presented in CIE 1976 L\*a\*b\* color space. The simulation was done for the actual experimental geometry and the fiber probe position used to collect the data. The simulated CIE 1976 L\*,a\*,b\* coordinates in the color space, plotted in [Fig. 6](#g006){ref-type="fig"}, are presented in [Table 2](#t002){ref-type="table"} Table 2Results of the MC simulation of skin color CIE coordinates in L\*,a\*,b\* color space*^a^*SampleL\*a\*b\*Standard deviationsRGB ColorFingernail48.29967.37268.3960.001Finger38.13562.88354.7050.001Palm15.70644.93824.7740.001Wrist2.85419.8244.6010.001Forearm0.9307.0241.5320.001*^a^*The standard deviation is calculated between the experimental data and the modeling output. CIE xyY coordinates converted to sRGB values are presented the resulting color in sRGB column. with the converted sRGB colors.

Observing the effect of the changes of tissues color due to, for example, changes of blood and/or melanin content, and variations in blood oxygenation, is of a potential use for the practical diagnostic purpose and bioengineering applications. These changes can be quantified and characterized with the developed MC model. [Figures 7](#g007){ref-type="fig"} Fig. 7The results of MC simulation of human skin spectra (left) and corresponding colors (right) while varying the melanin content in living epidermis: (1), 0%; (2), 2%; (3), 5%; (4), 10%; (5), 20%; (6), 35%; (7), 45%; fraction between eumelanin and pheomelanin is 1:3. and [Fig. 8](#g008){ref-type="fig"} Fig. 8The results of MC simulation of human skin spectra (left) and corresponding colors (right) while varying the blood concentration in the layers from papillary dermis to subcutaneous tissue: (1), 0%; (2), 2%; (3), 5%; (4), 10%; (5), 20%; (6), 35%; (7), 70%, respectively. The melanin concentration is 2% and fraction between eumelanin and pheomelanin is 1:3. show the examples of the results of the human skin spectra and skin color modeling for varying the melanin and blood contents in skin, respectively.

The results presented in [Figs. 7](#g007){ref-type="fig"}--[8](#g008){ref-type="fig"} demonstrate the changes of spectra and color of human skin resulting from the melanin or blood content variations that can be characterized by combining spectral measurements with the results of MC modeling.

5. Summary and Conclusions {#sec1-5}
==========================

We performed the pilot experimental studies of the near-IR spectral transmission measurements through a bulk tissue samples *in vivo*. Those results provide a quantitative measure of the light transmitted through a certain body area as a function of the incident wavelength in the biologically significant optical transmission window. Those experimental results are compared with the results of computer simulations, and a good quantitative agreement is found when the data are presented in CIE 1976 L\*, a\*, b\* color space. The chromaticity coordinates are calculated and the regularities of color variation are analyzed by MC simulation in the context of functional properties of human tissues. The spectral color composition of human skin and other biological tissues presented in a particular color space can be used for express-analysis of their functional physiological condition and identification of optimal conditions for optical diagnostics.

We expect that in a similar manner the regularities of human body color variation associated with the changes of optical properties of biological tissues due to optical clearing, melanin content changes and physiological changes (e.g., blood oxy-/deoxy-genation) can be observed and presented.
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